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CLINICAL EFFECTIVENESS OF A 3-DIMENSIONAL PRINTED CAST IN 
TREATMENT OF MINIMALLY DISPLACED RADIUS FRACTURES 
 




Fractures and broken bones are complications within the pediatric population that 
frequently occur. Many children require a prolonged immobilization of an arm or leg as a 
result of these injuries. Physicians often place these children in casts for several weeks to 
months. While casting is needed for most fractures to properly heal and recover, the two 
most popular casts plaster and fiberglass, can cause certain complications.  Parents 
struggle dealing with how to bathe their children without getting the cast wet. Also, it is 
difficult to tell how well the child's skin beneath the cast is doing during the duration of 
the cast immobilization. Sometimes blood blisters or rashes can develop on the surface of 
the child’s skin. With the rampant development of 3D printers, the printing of 3D casts 
has become readily available and cheap. The biggest advantages to using 3D printed casts 
include them being lightweight and their ability to get wet. This ongoing feasibility study 
looks at the clinical effectiveness of 3D printed casts in treating children with minimally 




The main objective of this feasibility study is trying to incorporate the use of 3D 
printing technology to pediatric patients. Other objectives include creating, designing, 
and placement of 3D printed casts on patients. Determine the clinical effectiveness of 3D 
printed casts and ensuring the patient’s fracture healed correctly. Evaluate the skin of 
patients who have completed a cast immobilization in a 3D printed cast. 
Methods:  
Patients are recruited from the Children’s National Hospital Emergency Room in 
Washington, D.C. If a patient meets the inclusion criteria, the Chief of Pediatric 
Orthopedic Surgery at Children’s National Hospital will introduce the feasibility study to 
both the patients and their families. Once enrolled in the study, the patient will have a 3D 
scan taken of their injured wrist and arm with an Artec EVA, a handheld 3D scanner. The 
3D scan is taken worked through multiple software programs that create a patient-specific 
3D cast. The casts are printed either by an in-house 3D printer at Children’s National or 
outsourced to Xometry, a company that specializes in 3D printing. The patient returns 
one week later from the time the scan was taken and will be removed from the temporary 
splint they had been placed in. The Principal Investigator or the Chief of Pediatric 
Orthopedic Surgery will wrap the patient’s arm with AquaLiner, a waterproof cast liner. 
The 3D printed cast is then placed on the patient’s arm and firmly secured with eight zip-
ties. Three X-rays will be taken throughout the course of the cast immobilization that 
may last four to six weeks. A skin assessment tool that has a scale from zero to twelve 
will be used by the physicians involved to evaluate the skin of the patient post-treatment. 
Lastly, a QuickDash survey will be filled out by the patient before being discharged and a 
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QuickDash score that determines percent disability will be calculated on a scale of 0-100 
percent. 
Results: 
 One patient enrolled and completed the feasibility study. The patient’s X-rays 
indicated their fracture healed properly while immobilized in the 3D printed cast. A score 
of ten out of twelve was given based on the skin assessment tool. The QuickDash score 
resulted in a 6.8 percent disability. The patient stated that they would have chosen the 3D 
printed cast over a traditional plaster cast due to the comfortability of the cast.  
Conclusions: 
 Overall, the results from the one patient that completed the study proved that 3D 
printed casts can be used to treat minimally displaced radius fractures. The 3D printed 
cast was able to keep the patient’s arm in place and protect it while the fracture healed. 
Much of the work put into this feasibility study was the workflow needed to create and 
place a 3D printed cast on a patient. The appearance and design of the cast allowed the 
patient to feel comfortable during the entire treatment. More patients will need to be 
recruited and enrolled into the study to tell whether or not this project can be moved into 
other medical applications.   
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 The idea of 3-Dimensional (3D) printing was first created by Charles W. Hull in 
August of 1984 and has become a worldwide phenomenon ever since (Whitaker, 2014).  
3D printing works by creating multiple layers of material that are printed based on a 
model that is created on a computer (Whitaker, 2014). 3D printing was first used for 
industrial processes, but eventually made its way into the health care system and other 
fields of work. The ability to create a device that is personalized and tailored to the 
patient’s specific needs is why 3D printing has become a mainstay in healthcare (Diment, 
Thompson, & Bergmann, 2017). Of the $4 Billion revenue created by 3D printing 
services worldwide in 2016, 13.1% of that came from the medical industry (Diment, 
Thompson, & Bergmann, 2017). Surgeons have found 3D printing to be extremely useful 
for their procedures because of the versatility that the printing provides. There are over 
twenty commonly used printable materials that each have their own strengths and 
weaknesses. Some materials are bio-degradable, lightweight, heavyweight, translucent 
etc., the options are endless when it comes to producing a 3D printed object. 3D printing 
is even being used to develop prosthetics and synthetic organs. The cost effectiveness and 
patient-specific approach that 3D printing makes possible is what will keep 3D printing 
use in the healthcare field and potentially change it for the better.   
 
Distal Radius Fractures 
The two bones that make up the forearm are known as the radius and ulna, which 
provide the necessary movement for the wrist joint to rotate. Of the fractures encountered 
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in emergency rooms, distal radius fractures are the most common type presented, 
especially in children (Abramo, Kopylov, & Tagil, 2008).  Pannu et al. found that 31% of 
fractures occurring in patients under the age of 16 years old were distal radius fractures 
(Pannu & Herman, 2015). A distal radius fracture is the medical term for a broken wrist 
and is most commonly caused by falling onto one’s hand (Meena, Sharma, Sambharia, & 
Dawar, 2014). There are different types of distal radius fractures and factors, such as the 
age/health of the patient, that help determine the method used to treat the fracture. There 
are different approaches as to how distal radius fractures in children should be treated. 
While plaster casts have been the conventional way to treat these fractures, treatment 
plans differ based on the subcategory of distal radius fractures.  Children’s bones heal 
themselves differently than adult bones when it comes to distal radius fractures (Abramo, 
Kopylov, & Tagil, 2008). Bone in children is much softer, has a thicker periosteal sleeve, 
and is more pliable than the adult bone. Also, the fracture can affect the growth plate of 
the bone in children, so if not treated correctly the growth of the bone in children is 
stunted causing bowing of the radius (Randsborg & Sivertsen, 2009). For these reasons, 
there are different classifications when dealing with pediatric patients as compared to 
adult patients (Randsborg & Sivertsen, 2012). As seen in Figure 1, the four distal radius 
fractures that are presented in pediatric patients are Torus/Buckle fracture, Greenstick 
fracture, complete nondisplaced fracture, and complete displaced fracture (Pannu & 






Figure 1: X-Ray Diagrams of Different Distal Radius Fractures. A) Greenstick fracture, B) 
Torus/Buckle fracture, C) Complete, non-displaced fracture, D) Complete, displaced fracture. The 
difference between the greenstick and buckle fractures are shown in this diagram. The greenstick is non-
stable while the buckle fracture is a stable type fracture. Figure from (Pannu & Herman 2015).  
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Another type of pediatric fracture that involves the physeal plate are known as 
Salter-Harris Fractures. Around 1/5th of all fractures in children are said to involve the 
growth plate, so the Salter-Harris classification system is used extensively by orthopedic 
surgeons (Ömeroğlu et al, 2018). These types of fractures must be treated carefully, 
otherwise permanent growth plate damage can occur (Ömeroğlu et al, 2018). As seen in 
Figure 2, a majority of these fractures occur through the hypertrophic zone resulting in 
significant growth disturbance (Cepela, Tartaglione, Dooley, & Patel, 2016). Each 
fracture poses its own threat to the patient’s growth plate and that is why this 
classification system is used to determine the severity of the injury. In a Salter-Harris 
Type I fracture, the damage goes through the growth plate directly causing the 
metaphysis and epiphysis to separate. Salter-Harris Type II fractures enter through the 
physis and exits out of the metaphysis. Cepela et. al found these to be the most common 
types of physeal fractures accounting for 74% (Cepela, Tartaglione, Dooley, & Patel, 
2016). Unlike Type II, Salter-Harris Type III fractures also enter through the physis, but 
exit through the epiphysis. Salter-Harris Type IV fractures cross the physis extending 
through both the metaphysis and epiphysis. In contrast, Salter-Harris Type V fractures are 
caused by constant compressive damage. Constant compressive damage leads to crushing 
of the physis and is seen in athletes that constantly extend their wrists. (Cepela, 
Tartaglione, Dooley, & Patel, 2016).  The Salter-Harris classification system will 
continue to be used as it provides a great foundation for orthopedic surgeons to refer to 





 Figure 2:  Histological Slide of The Physis.  Above is a histological slide depicting the four different 
zones of the physis. The four zones are the “Resting Zone”, “Proliferative Zone”, “Hypertrophic Zone”, 
and “Calcification Zone”. The most common region for fractures affecting the growth plate to occur is in 
the zone of provisional calcification, which is a subsection of the zone of hypertrophy. This subsection 
zone is the weakest because it contains a mix of calcified and non-calcified extracellular matrix proteins. 
Stained with Hematoxylin & Eosin.  Figure from (Cepela, Tartaglione, Dooley, & Patel, 2016). 
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In children, the most common forearm fracture actually happens to be the buckle 
fracture (Witney-Lagen, Smith, & Walsh, 2012). A buckle fracture is defined as bulging 
of the thin cortex at the metaphysis-diaphysis junction of a long bone (Ömeroğlu et al, 
2018). Buckle fractures have many different methods of treatment due to their stable 
nature when compared to the other fractures such as the Greenstick fracture. The 
treatment methods are usually non-surgical and include rigid casts, soft casts, splints, and 
bandages (Witney-Lagen, Smith, & Walsh, 2012). The reason why fracture healing is 
different in children is because the healing process occurs rapidly and contains a high 
remolding capacity. There are three phases that occur when a fracture is healing in a 
pediatric patient which are inflammatory, reparative, and remodeling (Wilkins et al., 
2005). The inflammatory phase includes hematoma formation due to the rupturing of the 
blood vessels from the fracture. This acute inflammation allows the hematoma which 
contains fibrin to be replaced by collagen. The collagen will become the framework for 
the woven bone to form. The hematoma also causes differentiation of cells into 
osteoblasts and chondroblasts which are crucial in new bone formation (Wilkins et al., 
2005). In the reparative phase, new bone forms via endochondral ossification and 
intramembranous ossification. The bone/callous forming is weak, so a large quantity of 
this “new bone” is laid down at the site of the fracture. The rigid bone that forms during 
the remodeling phase is the most important part of the fracture healing process. This 
phase must occur correctly to ensure minimal side effects and full recovery of the site of 




 Cast Complications 
The primary treatment of distal radius fractures and other orthopedic problems in 
children continues to be the use of plaster casts. Being placed in a plaster cast is termed 
“cast immobilization.”  Management of a distal radius fracture typically takes anywhere 
from four to six weeks (Difazio, Harris, Feldman, & Mahan, 2017).   Multiple clinical 
visits and the possibility of complications arise in the four-to six-week plaster cast 
treatment. Some of the complications include bone/joint injuries, skin rashes, and 
cutaneous diseases (Chen, Lin, Zhang, Huang, Shi, & Wang, 2017). The skin 
complications range from pressure ulcers to minor skin irritation (Difazio, Harris, 
Feldman, & Mahan, 2017). These skin complications can cause infection, pain and 
additional use of healthcare resources. The responsibility to reduce these complications 
falls both on the patient and the professional placing the cast (Difazio, Harris, Feldman, 
& Mahan, 2017).  Also, poor ventilation, discomfort and inability to get the cast wet have 
caused problems for pediatric patients. There is a reported 31% of cast related 
complications in the literature for plaster casts (Chen, Lin, Zhang, Huang, Shi, & Wang, 
2017).  
One of the biggest inconveniences with the plaster cast is the fact that it is unable 
to get wet. When patients with the plaster cast want to take a shower, they must find a 
way to cover the cast completely or leave the affected body part out of the shower. 
Whenever the cast gets slightly wet, especially the lining on the inside, the patient is 
instructed to return to the doctor’s office to get it changed. Cast saws are the traditional 
way to remove plaster casts, which can lead to certain complications if not carried out 
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correctly.  The two most common injuries caused by a cast saw are thermal injuries and 
abrasive damage to the skin (Halanski et al., 2016). The technician performing the 
removal of the cast must follow a certain set of steps to ensure no damage to the patient’s 
skin. Anything as slight as positioning the patient’s arm in the incorrect position before 





Figure 3: Example of a Cast Saw Injury. This illustration is trying to provide an example of how the 
slightest mistake when removing the cast can cause an injury. Here, bending of the arm incorrectly while 
cutting the cast can cause the blade to miss most of the material allowing the blade direct contact with the 




Another type of cast that has also been used by orthopedic surgeons treating 
pediatric fractures is a synthetic cast. The synthetic cast is typically called a fiberglass 
cast and has certain advantages when compared to the plaster cast. Benefits of a 
fiberglass cast include an overall decrease in weight to the cast while increasing the 
strength of the cast (Inglis, McClelland, Sutherland, & Cundy, 2013). The fiberglass cast 
has shown to be more radiolucent than the plaster cast as well. Inglis et al. provided 
satisfaction scores in different categories for patients wearing a plaster cast versus a 
fiberglass cast. The difference in satisfaction scores for fiberglass casts was statistically 
significant in comfort, first application, weight, heat/sweatiness, and overall performance 
of the casts (Inglis, McClelland, Sutherland, & Cundy, 2013). Also, the rate of 
complications associated with the plaster cast was 37% compared to 10% with the 
synthetic casts. Not only are these casts beginning to be preferred by patients, but they 
are lasting longer than the plaster casts (Inglis, McClelland, Sutherland, & Cundy, 2013). 
However, there are still certain limitations associated with the synthetic cast material. 
One of the biggest limitations associated with these casts is that the malleability 
decreases when using synthetic material. The cast not having as much leeway as a plaster 
cast does not provide space for potential posttraumatic swelling that may occur (Smith, 
Hart, & Tsai, 2005). The one complication that continues to affect patients wearing any 
type of cast when immobilized is skin complications. The fiberglass casts are not able to 
get wet just like the plaster casts. Inglis et al. had a couple patients develop skin 
complications because they got their synthetic cast wet conducting a variety of activities 
such as swimming or even just showering (Inglis, McClelland, Sutherland, & Cundy, 
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2013). The skin complications caused by wetting of the cast can also be caused by the 
patient not taking proper care of the cast (Ekwall, Carlberg, Palmberg, & Sloberg, 2018). 
Ekwall et al. emphasized how crucial the correct application of a synthetic cast is because 
of how quickly the material molds. Without quick and accurate application of the 
synthetic cast a number of complications can arise (Ekwall, Carlberg, Palmberg, & 
Sloberg, 2018). Many orthopedic surgeons are still reluctant to use the fiberglass casts 
because the plaster cast technique has been used for centuries (Smith, Hart, & Tsai, 
2005). 
 
Materials and Process of 3D Printing 
 With the availability of 3D scanners now-a-days, creating a 3D biocompatible 
cast for a patient becomes feasible. The advantages of creating a patient-specific 3D cast 
include them being waterproof, lightweight and ventilated well when compared to plaster 
casts (Chen, Lin, Zhang, Huang, Shi, & Wang, 2017). Arguably, the greatest advantage 
of creating 3D printed casts for patients is the variety of printed materials that can be 
used. This allows for a numerous amount of combinations to be had when printing casts. 
Each material has its advantages and disadvantages, but most importantly most materials 
are cost-effective to produce. The 3D printed materials used for this study must be 
biocompatible to ensure safety for skin contact. The most common biocompatible 
materials used with 3D printers are Acrylonitrile Butadiene Styrene (ABS), Polylactic 
Acid (PLA), and Nylon (Wojtyla, Klama, & Baran, 2017).  ABS has good enough 
strength and stiffness, while also having great impact resistance. PLA is a biodegradable 
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material that is actually composed from recycled/renewable sources. Nylon is both strong 
and durable while potentially being the most versatile material when compared to ABS 
and PLA (Wojtyla, Klama, & Baran, 2017). One of the greatest advantages of these 
materials especially ABS and PLA is that they can be easily manipulated to mimic 
anything, even human tissue (Rosenzweig, Carelli, Steffen, Jarzem, & Haglund, 2015). 
The variety that 3D printing as a whole encompasses will allow doctors to treat more 
patients without sacrificing any of their results (Aimar, Palermo, & Innocenti, 2019). 
Table 1 provides an insight to the numerous 3D printing processes and technologies that 
are available today. One of the uses for ABS shown in Table 1 is in the 3D printing of 
human bones. The bones being produced from 3D printers need to be rigid which makes 
ABS a perfect material for this type of job. (Aimar, Palermo, & Innocenti, 2019). The 
patient-specific design of new medical devices that can be created now due to 3D printing 
will help improve the physician-patient relationship (Aimar, Palermo, & Innocenti, 
2019). The versatility of materials used in 3D printing can also provide breakthroughs in 
problems dealing with children who refuse to take their medications. This idea of “drug 
printing” which contributes to patient-specific medicine allows children to pick the 
design of their own medications. The patients are able to customize the color and shape 
of their own medications, making it more appealing for them to take (Aimar, Palermo, & 
Innocenti, 2019). 3D printing allowing the patient to choose exactly how they want their 
medical device or drug to look like will only increase the likelihood of a patient being 
compliant. The possibilities seem endless with the help of 3D printers and the diverse 








Table 1: Summary of The Variety of 3D Printing Processes That Exist. This table is a great visual 
exhibiting the endless options that are available in the 3D printing realm today. Each process has its own 
material and technologies that go along with it. The table also provides an insight on what medical use each 
3D printing process is typically used for. Table from (Aimar, Palermo, & Innocenti, 2019). 
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Arguably, the most important process of creating a 3D printed object is known as 
Additive Manufacturing (AM). This method differs from the traditional manufacturing 
process, termed subtractive manufacturing, where material is removed rather than added. 
In AM, the material is heated and added layer by layer by a printer based on a 3D image 
that was captured (Javaid & Haleem, 2018). The first phase of creating a 3D printed 
object is known as image acquisition. The high-quality images are usually captured from 
advanced medical imaging including Computer Tomography scan, Magnetic resonance 
imaging and 3D scanners (Javaid & Haleem, 2018). This ensures that the image 
acquisition step is highly accurate, leading to a more manageable and reliable diagnosis 
(Javaid & Haleem, 2018). There are generally five steps included in the workflow of 
making a 3D printed object (Figure 4). AM has been especially useful in the area of 
orthopedics as of recently. AM allows for the production of patient-specific instruments, 
bone tissue engineering, and creating anatomical models for preoperative planning 
(Javaid & Haleem, 2018). 
 
Figure 4: Workflow of Printing a 3D Made Object. The most important step out of the five shown is the 
image acquisition step. One must capture the image correctly and accurately to ensure the best results. Most 
time has been spent on how to capture an image and turn it into a file that can later be printed. Figure from 





 As stated before, one of the ways that is typically used today to acquire 3D 
images is the use of 3D scanners. 3D scanners are able to capture the wanted body part in 
a highly accurate image, while providing less error in measurements as compared to 
traditional methods (Dessery & Pallari, 2018). One of the greatest advantages to using a 
3D scanner is the computer software that can be used to process the images obtained. 
Computer Assisted Design software allows editing of the image to provide a precise 
design of the body part being scanned (Dessery & Pallari, 2018). Another software, 
finite-element analysis, permits the user to look at the mechanical properties of a patient’s 
body part (Dessery & Pallari, 2018). The ability to acquire a scan of a patient’s body part 
in a non-contact and non-invasive manner has made 3D scanning attractive in the medical 
field (Franco de Sá Gomes, Libdy, & Normando, 2019).  
 Handheld 3D scanners have been rapidly developed as of recent to aid with the 
feasibility of scanning patient’s body parts. One of the newer handheld scanners is an 
Artec EVA, which is a high-precision and high-priced scanner used to scan patients 
(Dessery & Pallari, 2018). On the opposite end of the spectrum in terms of price, are 3D 
scanners that plug into Apple devices such as the iSense scanner. The lower-end 
handheld scanners usually come with a free software to acquire scans while the pricey 
scanners require expensive software to be bought (Dessery & Pallari, 2018). Li et al. 




Figure 5: Scans Acquired with Handheld 3D Scanner. These 6 pictures are displaying the detail one can 
capture using a handheld 3D scanner. These are the scans as uploaded onto a software after the scans have 
been captured. Figure from (Li et al., 2017). 
3D Printed Casts 
 There has been a minimal amount of studies that have created customized 3D 
printed casts for patients with minimally displaced distal radius fractures, especially in 
children. The study by Chen et al. has compared the clinical effectiveness of 3D printed 
casts to plaster casts. Chen et al. found that every patient in their study opted for the 3D 
printed cast instead of the plaster cast (Chen, Lin, Zhang, Huang, Shi, & Wang, 2017). As 
stated before, the benefits of the 3D printed casts are their ability to get wet and the great 
ventilation provided to the skin due to the design of the cast (Chen, Lin, Zhang, Huang, 
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Shi, & Wang, 2017). The aim of this clinical trial is to help establish a certain workflow 
for pediatric orthopedic surgeons to easily create a patient-specific 3D printed cast for 


















Aim 1: Evaluate the clinical effectiveness of a 3D printed cast in treatment of minimally 
displaced radius fracture with angulation less than 10 degrees in both the sagittal or 
coronal plane.  
Aim 2: Assess the rate of skin or vascular complications of patients in patients using a 
3D printed cast. 
Aim 3: Create an established workflow to determine the easiest and smoothest way that 
pediatric orthopedic surgeons can go about making patient-specific 3D printed casts. 
















 This is a pilot and proof-of-concept feasibility study that will be conducted at one 
single study site. The study site is Children’s National main location, 111 Michigan 
Avenue, Washington, District of Columbia (D.C.). This study will last up to 5 years to 
ensure the recruitment of 15 patients who will enroll and complete the study. The study is 
approved by the Institutional Review Board (IRB). A team of professionals working for 
the Office of Human Subject Protection at Children’s National Medical Center (CNMC) 
help approve the IRBs, as they serve as a liaison between the IRB committees and 
research investigators.  
 
Inclusion Criteria 
 All 5-12 years old of any ethnicity, gender and race that presents to CNMC with a 
minimally displaced radius fracture with angulation less than 10 degrees in both sagittal 
and coronal planes.  
 
Exclusion Criteria 
 Patients with an intra-articular, open or pathological fracture. Fracture 
displacement that has an angulation of greater than 10 degrees in either or both the 
sagittal and coronal planes. Patients with any developmental disorders that are unable to 
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complete the questionnaires given at the end of the study. Patients who are unable to 
commit to the required follow up visits.  
 
Patient Recruitment 
 Patients for this study will be identified by the Chief of Pediatric Orthopedic 
Surgery at CNMC. The Chief of Pediatric Orthopedic Surgery and the residents will 
diagnose the fractures either in the Children’s National emergency room or during an 
appointment in the orthopedic clinic at CNMC. If a patient meets the inclusion criteria 
originating in the Children’s National emergency room during the daytime hours, then an 
informational sheet with a summary of the study will be shown to the family. If the 
family is interested in the study, the principal investigator will consent the patient and 
their family into the study. A 3D scan of the patient’s arm will then be carried out by one 
of the engineers on the research team. The patient will then be sent home in a splint, 
discharged home and instructed to follow up with the orthopedic clinic at CNMC. 
 If a patient meets the inclusion criteria originating in the Children’s National 
emergency room during the evening/overnight hours, the orthopedic residents will 
provide the information sheet about the study to the family. The patient will then be 
placed in a splint by the residents and allowed to return home. A follow-up appointment 
with the Chief of Pediatric Orthopedic Surgery in the orthopedic clinic will occur in 1-2 
days where they will review the X-rays taken in the emergency room. If eligibility into 
the study is confirmed then the family will be asked to enroll in the study. If the family is 
interested in participating in the study then they will be consented and the 3D scan can 
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occur.  If the family decides to not participate in the study then a traditional plaster or 
fiberglass cast will be placed on the patient at that visit. 	
 If a patient is first diagnosed at an outside hospital or doctor’s office, but has a 
follow-up appointment at the orthopedic clinic at CNMC they may still be eligible for the 
study. The Chief of Pediatric Orthopedic Surgery will review the X-rays of the patient 
and determine if the inclusion criteria are met. Since these patients were not able to 
receive the informational sheet beforehand, the principal investigator or pediatric 
orthopedic surgeon will explain the study to the family directly. The principal 
investigator may remove a patient from the study for any reason deemed appropriate. 
This study is completely voluntary and the patient/family can withdraw from the study at 
any point in time and be placed into a traditional cast. A sheet was created to help with 
patient recruitment and remind all involved what should happen (Figure 6). 
 
Figure 6: Workflow Chart for Patient Recruitment/Enrollment. This sheet serves as a reminder to the 




3D Printed Cast Methodology	
 Once enrolled in the study, the patient must receive a 3D image scan of their arm. 
The patient is instructed to stand behind a chair and place their hand at a 45-degree angle 
on a box that is placed on the chair. A towel is placed on the box to ensure comfortability 
for the patient’s elbow. Once the correct position is found, a member of the research team 
instructs the patient to stay as still as possible during the entire scan. The 3D scan is taken 
with an Artec EVA 3D scanner, which is a handheld scanner that was purchased by the 
engineering team working in the Sheikh Zayed Institute for Pediatric Surgical Innovation 
at CNMC. The 3D scan must capture both sides of the arm and hand of the patient. Thus, 
multiple scans from angles behind and in front of the patient are taken. These scans can 
take anywhere from 2-5 minutes and are uploaded onto a Dell laptop.  
 The scans are then imported into Artec Studio 13 Software, where they are edited 
and smoothed out to ensure complete accuracy of the image. The scans of the patient’s 
arm are auto-aligned by the Artec Studio Software to create the complete image of the 
arm. The scans are converted in Artec Studio 13 Software to a stereolithography (STL) 
file format and exported to another program called Geomagic Wrap. In this program, the 
files are worked on by the bioengineering team to have the scans ready to print. The 3D 
scan is thickened to create a shell-like appearance for the cast. The design of the cast is 
also created in this program.  This file is then saved as a “Standard for the Exchange of 
Product Model Data” (STEP) file and imported into another program called 




 The Objet 500 3D printer at the Sheik Zayed Institute will be used to print the 
casts. Some casts will be outsourced to a 3D printing company in Bethesda, Maryland, 
called Xometry. Xometry allows for an STL/STEP file to be uploaded immediately into 
their system and the option to choose which material one wants for their printing job. The 
material chosen for the patient’s 3D casts is Acrylic Styrene Acrylonitrile (ASA). ASA 
has similar properties to ABS, but has higher impact and temperature resistance 
compared to ABS.  Next, patients are able to choose from ten different colors for their 
cast including black, dark blue, dark grey, green, ivory, light grey, orange, red, white, and 
yellow.  
 Two separate pieces of the cast are printed, which consists of a top half and a 
bottom half, each with four holes. The physician first wraps a water-proof cast liner 
called AquaCast Liner around the patient’s arm to help with the comfortability of the 
cast.  The two casts are joined together by looping 8-inch zip-ties through the holes of 
each piece of the cast. The casts are joined by zip-ties to ensure the permanent closure of 
the 3D printed cast on the patient’s arm. Once the patient tells the physician they are 
comfortable with the cast, the zip-ties are cut precisely at their end.  
 
Study Schedule 
 After the informed consent is completed by both the patient and the patient’s 
family, the chief of pediatric orthopedic surgery will evaluate the patient’s arm. Cast 
immobilization will last anywhere from 4-6 weeks. If the patient needs to be immobilized 
longer than 6 weeks this will be determined by the chief orthopedic surgeon. Patients 
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enrolled in the study will undergo 3 X-rays at different times. The first X-ray is 
conducted by the CNMC emergency room from where the patient was recruited for the 
study or at an outside hospital. The second X-ray will take place at 2 weeks +/- 1 week 
post injury while the patient is in the 3D printed cast. The last X-ray takes place 4 weeks 
+/- 2 weeks post injury while the patient is not immobilized in the cast anymore. If at any 
time the X-rays show that the fracture angulation becomes greater than 10 degrees in 
either the sagittal or coronal plane, the patient will be removed from their 3D printed cast.  
 
Data Collection and Evaluation 
 Data will be collected and recorded on a new database called REDCap. Our 
REDCap project is titled “Casting for Pediatric Orthopedics Using 3-D Printing.” Patient 
data will be inserted and tracked into REDCap using study ID numbers, as seen on the 
case report form (Figure 7). Clinical research team members will be the only personnel 
with access to the REDCap and with the ability to enter data. Assessment of skin integrity 
will be carried out by the chief of pediatric orthopedic surgery or the principal 
investigator at the final removal of the cast. A skin assessment tool will be used by the 
pediatric orthopedic surgeon or principal investigator and the data will be entered into 
REDCap as well (Figure 8). Another evaluation/survey will be handed to the patients to 
fill out at the end of the study. This QuickDASH survey was developed by Institute for 
Work & Health and allows patients to rate their ability to perform different activities 
(Figure 9). Also, a QuickDASH Disability/Symptom score is calculated from a 





 Figure 7: Form for Collecting Patient Data. This form was used to help collect data from the patient and 
transfer it over to REDCap. A separate document will be made with Patient ID numbers to track the 
patients being entered into REDCap.  The comments made by patients about their experience being 
immobilized in a 3D printed cast will be recorded on this form as well. 
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Figure 8: Skin Assessment Tool. This chart will be used by the pediatric orthopedic surgeons to help 
determine and score the skin of patients who have been placed in a 3D printed cast. This data will also be 
transferred to the REDCap database as seen. This tool helps assess any skin breakdown and complication 
that may occur during cast immobilization. 
 
Statistical Analysis 
 Since this is a feasibility pilot study gathering data on the use of new devices, no 
formal statistical plan will be used. Data captured will be summarized through the use of 
descriptive statistics. The data gathered will help provide information about how well the 
3D cast performs and the experience of the patient while wearing the cast. The data from 
this study will help determine the design for a larger clinical trial in the future and if 






Figure 9: QuickDASH Survey. This form is given to the patient to fill out at the end of the participation in 
the study. The QuickDASH disability/symptom score formula is at the bottom of the page and can be 
calculated as long as no more than one question does not have an answer. This evaluation helps to 








 At the time of this publication, an 11-year-old patient had completed the study.  
The principal investigator of the study conducted the skin assessment using the skin 
assessment tool once the cast was removed off the patient and scored a 10 out of 12 
(Figure 17). The patient received 3 points in the stability of immobilization and blood 
circulation categories while receiving 2 points in the wear/pressure-related pain and 
pressure sores categories. The results of the skin assessment tool relayed that the 
AquaLiner wrap is durable after getting wet multiple times for a long period of time. The 
QuickDash survey was filled out by the patient at the end of their last visit. The patient 
was able to answer every question on the survey allowing a QuickDash score to be 
calculated. The patient received a 6.8% disability score, where the scale is based on a 0-
100% scale.  
  
3D Printed Cast Results 
 Figures 10-16 are the necessary steps put into chronological order needed to 
create a 3D printed cast and securely place it on a patient. Figure 10 starts off with the 
result of the 3D scan taken of the patient’s arm using the Artec EVA handheld scanner. 
Figures 11-13 are what the design of the cast looks like in the engineering software 
programs. The cast is created directly from the patients arm scan, so the 3D printed cast is 
specifically designed for that patient. The team decided to outsource the 3D printed casts 
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from Xometry for our first patient to ensure the casts made it in on time. Figure 14 
depicts the final cast design printed in ASA material before being placed on a patient. 
 
Figure 10: 3D scan of patient’s arm.  This is a 3D rendering of a patient’s arm that was a result of the 3D 
handheld scanner. The patient’s arm is at a slight angle and told to be kept in that position to ensure as little 
movement as possible during the entirety of the scan. The patient’s face is captured during the scan, but 




Figure 11: STL File of Bottom Half of 3D Printed Cast. This file was created directly from the scan of 
the patient’s arm. Since this is an STL file it was created in Geomagic Wrap giving the cast that shell-like 






Figure 12: STL File of Top Half of 3D Printed Cast. This portion of the cast was also worked on in 





Figure 13: Final File of 3D Printed Cast. The holes and final design of the cast were created in 






Figure 14: Final Design of 3D Printed Cast. In this image, one can see the final creation of the 3D 
printed cast the team came up with. The three sets of holes on either side of the cast were put in to help 
with the ventilation aspect of both the skin and AquaLiner. This is a patient-specific cast and was taken 
directly from a patient’s arm scan that was captured with the Artec EVA scanner. This patient specifically 






Figure 15: 3D Printed Cast Applied on a Patient. Here the 3D cast has been securely placed on the 
patient enrolled in the study. The AquaLiner wrap can be seen under the cast as well as the zip-ties on both 




Figure 16:  Bottom Half View of Applied 3D Printed Cast. The zip-ties are placed on the same side of 
both halves of the cast first. This procedure allows the patient to place their arm into the cast and the 
orthopedic techs to loop zip-ties on the other side of the cast to firmly secure the cast. All 8 zip-tie ends are 





Figure 17: Evaluation of Patient’s Skin Post Cast Immobilization. The patient’s skin was evaluated by 
the principal investigator once the X-ray results showed the patient’s buckle fracture healed correctly. 
There was some skin breakdown, but this is normal whenever a patient is placed into any sort of cast. The 





Workflow of Study 
	 Much of the effort put into this feasibility study up to this point has been 
dedicated to figuring out the workflow to help determine the clinical effectiveness of 
these casts. The design of the 3D printed cast took multiple rounds of manipulation and 
printing to find the one that the team liked. The orthopedic casting techs at CNMC were 
consulted every time a prototype cast was printed to receive feedback on what should be 
changed. The part of the cast where the thumb would enter had the most work done on it. 
The team had to redesign that part to ensure that the patient’s thumb could rest 
comfortably on the cast without it irritating the skin. Another crucial factor the team had 
to figure out was the offset that would be needed to fit the patient’s arm comfortably. The 
team printed 4 millimeter (mm), 4.5 mm, 4.75 mm and 5 mm offsets for the casts.  After 
approval from the orthopedic casting techs and multiple people trying on the different 
offset casts, the 4.5 mm offset was unanimously decided upon. The 4.5 mm offset cast 
provided enough room for the orthopedic techs to correctly wrap the AquaLiner around 
the patient’s arm. The team also ended up deciding that four holes on each side of the cast 
for the zip-ties was better than five holes. When an arm was placed into the cast, we tried 
to put the zip-ties on and there was not enough space from inside the cast to fill all five 
holes. Four holes is cost effective in the long run as well as less zip-ties will be used.  
 Another part of the decision making for the cast that took time was the choice of 
printing material. The final choice for the material came down to ASA and Nylon 12 
(filled). Multiple people on the team tried on casts made of each material including one of 
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the orthopedic techs. As stated previously, ASA was decided on as the final printing 
material for a few reasons. One, the ASA printed casts were much smoother on both the 
outside and inside as compared to the Nylon 12 printed casts.  Two, the ASA casts were 
so smooth that they could be worn without the need of the AquaLiner. Three, when the 
outsides of the Nylon 12 casts were rubbed against another person’s skin it would 
actually leave scratch marks. This was determined as problematic especially if a patient 
were to be playing and interacting with other children at school.  
 
Clinical Effectiveness of 3D Printed Cast 
The results of the one patient that had completed the study in a 3D printed cast 
have helped give confidence to all involved with this ongoing feasibility study. Firstly, 
the patient’s fracture was able to heal normally and the X-ray results after their cast 
immobilization confirmed this. No additional tests were ordered by the pediatric 
orthopedic surgeon. Second, the patient found it extremely convenient that they were able 
to shower while not having to worry about anything happening to their cast. The patient 
stated they were able to carry out all daily activities with no extra challenges. The patient 
was able to shower and dress themselves every morning. The AquaLiner dried well every 
time the patient took a shower, however there were complaints of smelliness and 
itchiness associated with the AquaLiner wrap. The patient’s skin did have some mild 
breakdown along the wrist area, but this is seen in patients wearing plaster casts as well. 
One suggestion the patient made was to try and have the cast made to be placed without 
the liner being needed. This change would have made their experience even better in the 
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cast. One aspect the team will look into in the future is the thickness of different soaps 
and their effect on the AquaLiner Wrap.  
 The patient thoroughly enjoyed the customization aspect of the 3D printed cast. 
The patient decided to make his cast green because it made them look like a superhero. 
The design of the cast was complemented by many classmates in school and told the 
patient their arm looked like ironman. Comfortability of the cast was maintained 
throughout the entirety of the cast immobilization. The patient did have trouble falling 
asleep a couple nights with the cast on, but stated multiple times how comfortable the 
cast felt. The patient stated that they would have chosen a soft cast over being placed in a 
3D printed cast, but would have chosen the 3D printed cast over the normal plaster cast.  
 
Limitations  
The greatest limitation of this study has been that it is classified as a feasibility 
study. There have not been many clinical trials that have used 3D printed casts, let alone 
carried out in children. A problem that continuously happened was getting patients 
especially parents to consent to the study. Many parents were intrigued by the benefits of 
a 3D printed cast, but were hesitant to allow their child to wear it because of limited data 
published in primary literature. For example, one patient withdrew from the study once 
we applied his 3D printed cast due to concerns from the patient’s mother. The child stated 
over and over again how comfortable the cast felt, but the mother’s main concern was if 
his fracture would heal correctly in the 3D printed cast. Explaining to patients and their 
families that this method of cast immobilization is safe was challenging. Two patients 
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withdraw from our study and elected to choose a normal plaster cast because they felt 
fewer problems would occur with the regular cast. Also, recruiting from the CNMC 
emergency room has been challenging for our study. From the beginning of January to 
the end of February, the emergency room had been at or over capacity. There were times 
where patients were unable to be placed in their own rooms and had to stand in the 
hallways. This led to long periods of time without us being able to recruit and enroll 
patients into the study. Both the emergency medicine and pediatric orthopedic residents 
were overwhelmed with the amount of work they were getting from the emergency room 
that they would forgot to consult the team about patients. Another limitation of this study 
is that the cast takes approximately one week to have made and printed from the time the 
scan of the patient’s arm is taken because the cast was made at Xometry rather than using 
the CNMC in-house printer. This added an extra visit for the patient as compared to a 
plaster cast that can be placed the same day after the patient takes their X-rays. The 3D 
printed cast is also fixed once it is printed, meaning no changes can be made to it. This 
can present some problems because if the cast does not satisfy the patient and their family 
enoughm a whole new cast would have to be made. This would result in patients 
withdrawing from the study as it would take another week to scan and print a cast that 
met the needs of the patient.   
Moving forward, the results from the patient that completed this study will be 
used to help reassure other potential enrollees. Everything from the scanning of the arm 
to printing the cast to applying the cast has been figured out by the team. The only task 
left to do is to recruit more patients into the study to produce more results. This feasibility 
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